Introduction {#Sec1}
============

The *myo*-inositol phosphates (Ins*P*s) form a broad panel of eukaryotic-specific signalling metabolites that, except for inositol 1,4,5-trisphosphate, are still poorly understood (reviewed in \[[@CR1]\]). Together with inositol hexakisphosphate (Ins*P*~6~), inositol 1,3,4,5,6-pentakisphosphate \[Ins(1,3,4,5,6)*P*~5~, Fig. [1](#Fig1){ref-type="fig"}\] is the most abundant member of the family \[[@CR2]--[@CR5]\]. Ins(1,3,4,5,6)*P*~5~ is the metabolic precursor of Ins*P*~6~ \[[@CR6]\], and both Ins(1,3,4,5,6)*P*~5~ and Ins*P*~6~ are precursors of inositol pyrophosphates (reviewed in \[[@CR7]\]). Mice that lack the enzyme responsible for the synthesis of Ins(1,3,4,5,6)*P*~5~ die during embryonic development, indicating an essential role for this compound and/or its derived metabolites \[[@CR8]\]. However, the function of Ins(1,3,4,5,6)*P*~5~ is not yet clear. Ins(1,3,4,5,6)*P*~5~, as well as other higher Ins*P*s, can clearly bind to pleckstrin homology (PH) domains, thus competitively inhibiting their interactions with phosphoinositide headgroups \[[@CR9]\]. Although in most in vitro assays various higher Ins*P*s will act on a given PH-domain-containing protein, the discovery that the "minor" isomer inositol 1,2,3,5,6-pentakisphosphate is the specific ligand of pleckstrin gives credence to the idea that in vivo specific Ins*P*s target specific PH domains \[[@CR10]\]. However, no interaction with a PH domain that is clearly specific to Ins(1,3,4,5,6)*P*~5~ has been reported to date. An apparently specific activity of Ins(1,3,4,5,6)*P*~5~ has been uncovered in the Wnt/β-catenin pathway, in which the compound accumulates in response to Wnt3a and mediates the stabilization of β-catenin \[[@CR11]\]; the direct protein target of Ins(1,3,4,5,6)*P*~5~ in this pathway is not known. Meanwhile, Ins(1,3,4,5,6)*P*~5~ fulfils what is probably a different function altogether in certain non-mammalian erythrocytes that contain very high concentrations of the compound (reviewed in \[[@CR1]\]).Fig. 1Structure of inositol 1,3,4,5,6-pentakisphosphate \[Ins(1,3,4,5,6)*P*~5~\] presented in the thermodynamically more stable five-equatorial, one-axial conformation. Note that the axial hydroxyl is also the one that is not forming a phosphate ester

Elucidation of the biological roles of the higher Ins*P*s has been complicated by their intricate structural and metabolic interrelatedness. This has been aggravated by the unusual and often non-intuitive behaviour displayed by these highly charged compounds, in particular in the presence of multivalent cations. This behaviour can be the source of many artefacts (reviewed in \[[@CR12]\]). For Ins*P*~6~, we have over the past few years strived to make a rigorous and at the same time "biological-user-friendly" description of its chemistry with multivalent cations \[[@CR13]--[@CR15]\]. We have also studied the chemistry of inositol 1,2,3-trisphosphate \[Ins(1,2,3)*P*~3~\], focusing on the likelihood of its proposed interaction with Fe^3+^ in the cellular context \[[@CR16]\]. In the present paper we study Ins(1,3,4,5,6)*P*~5~, focusing on its interactions with Na^+^, K^+^, Ca^2+^, Mg^2+^, Cu^2+^, Fe^2+^ and Fe^3+^ in solution, and its solid-formation equilibria with Ca^2+^ and Mg^2+^. Our results predict that Ins(1,3,4,5,6)*P*~5~ does not have a high enough affinity for Mg^2+^ to be fully associated with this cation under cytosolic and nuclear conditions. They also predict that the compound would be fully soluble under those conditions, and that it even has a significant window of solubility under calcium-rich conditions such as those of the extracellular medium. We have summarized the non-intuitive solubility behaviour of Ins(1,3,4,5,6)*P*~5~ in straightforward plots that should be of help when planning experiments with this compound.

Materials and methods {#Sec2}
=====================

Chemicals {#Sec3}
---------

All common laboratory chemicals were of reagent grade, purchased from commercial sources and used without further purification. NaCl, KCl, CaCl~2~·2H~2~O, MgCl~2~·6H~2~O, CuSO~4~·5H~2~O, (NH~4~)~2~Fe(SO~4~)~2~·6H~2~O, and Fe(ClO~4~)~3~·*x*H~2~O were used as metal sources. Solutions of the metals were standardized according to standard techniques \[[@CR17]\]. Ins(1,3,4,5,6)*P*~5~ was obtained from *myo*-inositol in 86% isolated overall yield over five steps. Briefly, transesterification of *myo*-inositol with trimethyl orthobenzoate in the presence of an acid catalyst followed by acid hydrolysis of the product, *myo*-inositol 1,3,5-orthobenzoate, gave 2-*O*-benzoyl *myo*-inositol, which was then phosphorylated. Deprotection of the fully protected pentakisphosphate followed by the removal of the benzoate ester in concentrated aqueous ammonia afforded Ins(1,3,4,5,6)*P*~5~ as the hexaammonium salt, (NH~4~)~6~H~4~L, which was verified by elemental analysis \[Anal. calc. (%) for C~6~H~35~P~5~O~21~N~6~: C 10.6, H 5.2, N 12.3. Found (%): C 10.3, H 5.4, N 12.4.\] to conform to the previous formula \[[@CR18]\]. Solutions of Ins(1,3,4,5,6)*P*~5~ were prepared by weighing this hexaammonium salt (NH~4~)~6~H~4~L. The standard HCl solutions were prepared from Merck standard ampoules. The titrant solution \[0.1 M solution of Me~4~N(OH) in 0.15 M Me~4~NCl\] was prepared by dissolving Me~4~N(OH)·5H~2~O (Fluka), and was standardized with potassium biphthalate.

IR spectroscopy, elemental analysis and thermal analysis {#Sec4}
--------------------------------------------------------

IR spectroscopy was carried out with a Bomen Fourier transform IR spectrophotometer, with samples present as 1% KBr pellets. Elemental analysis (C, H) was performed using a Carlo Erba EA 1108 instrument. The cacium content in the solid samples was determined gravimetrically as previously described \[[@CR13]\]. Magnesium was determined volumetrically according to standard techniques \[[@CR17]\]. Thermal analysis was performed with a Shimadzu DTA-50, TGA-50 instrument with a TA 50I interface, using a platinum cell and nitrogen atmosphere. Experimental conditions were 1 °C min^−1^ temperature ramp rate and 50 mL min^−1^ nitrogen flow rate.

Potentiometric measurements {#Sec5}
---------------------------

All solutions were freed of carbon dioxide by argon bubbling. The protonation constants of Ins(1,3,4,5,6)*P*~5~ were determined at 37.0 °C, 0.15 M ionic strength in the non-interacting electrolyte Me~4~NCl. Five potentiometric titrations, comprising about 150 experimental points each, were carried out in the Ins(1,3,4,5,6)*P*~5~ concentration interval 0.5--3 mM, covering pH values between 2 and 11.

Since an ammonium salt was used as the Ins(1,3,4,5,6)*P*~5~ source, the (weak) acidity of the ammonium ion had to be taken into account when the desired constants were calculated. Thus, the acid dissociation constant of ammonium was determined de novo under the conditions of the study, through three potentiometric titrations using NH~4~Cl. The hydrolysis constants of Fe(III) under the same conditions were taken from data previously reported \[[@CR14]\].

Then the behaviour of Ins(1,3,4,5,6)*P*~5~ in the presence of Na^+^, K^+^, Ca^2+^, Mg^2+^, Cu^2+^, Fe^2+^ and Fe^3+^ ions was analysed, also in 0.15 M Me~4~NCl and at 37.0 °C. Three to eight potentiometric titrations were carried out for each cation (about 150 experimental points for each titration), at metal ion concentrations ranging from 1 to 50 mM (for alkali metal ions) or 0.5 to 3 mM (for alkaline earth and transition metal ions), and Ins(1,3,4,5,6)*P*~5~ to metal molar ratios from 0.01 to 2 (for alkali metal ions) and from 0.2 to 3 (for alkaline earth and transition metal ions). Owing to the lower affinity towards Ins(1,3,4,5,6)*P*~5~ expected for M^+^ cations in comparison with M^2+^ or M^3+^, higher absolute concentrations of metal ions and lower Ins(1,3,4,5,6)*P*~5~ to metal molar ratios were used in the former cases. Potentiometric titrations were carried out as previously described \[[@CR14]\], *I* being adjusted by addition of Me~4~NCl.

The cell constants, *E*°, and the liquid junction potentials were determined under the same conditions using the computer program GLEE \[[@CR19]\]. The data obtained were analysed using the HYPERQUAD program \[[@CR20]\]. In all cases, the fit of the values predicted by the model to the experimental data was estimated on the basis of the parameter *σ* corresponding to the scaled sum of square differences between predicted and experimental values. Then, the constants were used to produce species distribution diagrams using the HySS program \[[@CR21]\].

Synthesis of \[Mg~4~(H~2~L)\]·23H~2~O and \[Ca~4~(H~2~L)\]·16H~2~O {#Sec6}
------------------------------------------------------------------

An 8.8 mM aqueous solution of Ins(1,3,4,5,6)*P*~5~ was prepared, and the pH was adjusted to 10--11 by addition of 1 M LiOH. To 5 mL (0.044 mmol) of this solution, 36.0 mg of MgCl~2~·6H~2~O (0.18 mmol) dissolved in the minimum amount of water was added. A white solid immediately appeared, and was separated by centrifugation, washed with water (2 × 5 mL), and dried with ethanol (1 × 5 mL). The preparation of \[Ca~4~(H~2~L)\]·16H~2~O followed a similar procedure, starting from 26.0 mg of CaCl~2~·2H~2~O (0.18 mmol) as the metal source. The yield was 63% for \[Mg~4~(H~2~L)\]·23H~2~O and 56% for \[Ca~4~(H~2~L)\]·16H~2~O. Anal. Calc. for Mg~4~C~6~H~55~O~44~P~5~: C 6.7, H 5.1, Mg 9.0%. Found: C 6.3, H 5.0, Mg 9.5%. Anal. Calc. for Ca~4~C~6~H~41~O~37~P~5~: C 7.1, H 4.1, Ca 15.7%. Found: C 6.8, H 4.0, Ca 15.2%. The thermal analysis agreed with the proposed formula: 38.4% weight loss for \[Mg~4~(H~2~L)\]·23H~2~O and 28.1% weight loss for \[Ca~4~(H~2~L)\]·16H~2~O, corresponding to the elimination of water, compared with calculated values of 38.2% for \[Mg~4~(H~2~L)\]·23H~2~O and 28.2% for \[Ca~4~(H~2~L)\]·16H~2~O.

Solubility measurements {#Sec7}
-----------------------

Solubility measurements were carried out at constant ionic strength, *I* = 0.15 M Me~4~NCl, and 37.0 °C. An amount of 10--40 mg of the compound---\[Mg~4~(H~2~L)\]·23H~2~O or \[Ca~4~(H~2~L)\]·16H~2~O)---was suspended in 10.0 mL of 0.15 M aqueous Me~4~NCl at 37.0 °C. Known amounts of HCl were added, so as to reach equilibrium points corresponding to measurable amounts of metal ion in solution. Each mixture was kept in a glass jacketed cell under continuous stirring until the measured pH was constant (about 1 week). After the equilibrium had been reached, the solid in excess was filtered out (Macherey-Nagel MN 640 m paper), and the total metal ion concentration was determined in the supernatant. Total calcium and magnesium contents were determined volumetrically according to standard techniques \[[@CR17]\]. With these M(II) concentration values, and with the assumption of a 4:1:2 stoichiometry \[M(II)/Ins(1,3,4,5,6)*P*~5~/H^+^\], total amounts of Ins(1,3,4,5,6)*P*~5~ in the solution were calculated. Then total concentrations of M(II), Ins(1,3,4,5,6)*P*~5~ and H^+^ were used as inputs for the HySS program \[[@CR21]\] to determine the equilibrium concentrations of (free) M^2+^ and H~2~L^8−^, which define the *K*~s0~. In this calculation, the complete set of solution equilibria previously measured were taken into account. At least three independent determinations were performed for each metal ion.

Results and discussion {#Sec8}
======================

Protonation equilibria of Ins(1,3,4,5,6)*P*~5~ {#Sec9}
----------------------------------------------

Ins(1,3,4,5,6)*P*~5~ can be considered as a polyprotic acid containing ten protons, H~10~L. The values for the corresponding deprotonation/protonation equilibrium constants, which are needed for studying the metal complexation reactions, are presented in Table [1](#Tab1){ref-type="table"}. We were able to detect the first seven of these protonation reactions, the last three not being amenable to our methods, owing to the strong acidity of the species H~10~L, H~9~L^−^ and H~8~L^2−^ (which should have p*K*~a~ values smaller than 1.1). The log *β* values determined followed the expected order and are consistent with values in a previous report \[[@CR22]\] (in which only five protonation constants that had measured by potentiometry, in 0.2 M KCl and at 37.0 °C, were reported). A species distribution diagram for Ins(1,3,4,5,6)*P*~5~ in the absence of metal ions is shown in Fig. [2](#Fig2){ref-type="fig"}. For neutral pH values, the predominant species are H~4~L^6−^ and H~3~L^7−^.Table 1Logarithms of the overall protonation constants of inositol 1,3,4,5,6-pentakisphosphate \[Ins(1,3,4,5,6)*P*~5~\] in 0.15 M Me~4~NCl at 37.0 °C; *σ* = 0.9Equilibriumlog *β*L^10−^ + H^+^ → HL^9−^11.62(5)L^10−^ + 2H^+^ → H~2~L^8−^23.02(3)L^10−^ + 3H^+^ → H~3~L^7−^32.39(7)L^10−^ + 4H^+^ → H~4~L^6−^39.81(7)L^10−^ + 5H^+^ → H~5~L^5−^45.2(1)L^10−^ + 6H^+^ → H~6~L^4−^47.8(1)L^10−^ + 7H^+^ → H~7~L^3−^48.9(2)The ammonium acidity constant \[NH~4~^+^ → NH~3~ + H^+^, log *K* = −8.854(5), *σ* = 0.4\] and ammonium--Ins(1,3,4,5,6)*P*~5~ interaction constants were also measured (Table [2](#Tab2){ref-type="table"}) and taken into account to calculate the values shownFig. 2Species distribution diagram for 1 mM Ins(1,3,4,5,6)*P*~5~, in 0.15 M Me~4~NCl, at 37.0 °C

Interactions between Ins(1,3,4,5,6)*P*~5~ and alkali metal ions {#Sec10}
---------------------------------------------------------------

Although the interactions with the alkali metal ions are expected to be very weak, it is important to describe them, as either Na^+^ or K^+^ cations are present in biological media in a large excess with respect to Ins(1,3,4,5,6)*P*~5~. The stability constants for the Na(I)--Ins(1,3,4,5,6)*P*~5~ and K(I)--Ins(1,3,4,5,6)*P*~5~ species (Table [2](#Tab2){ref-type="table"}), although exceptionally high for complexes involving alkali metal ions, are not high in absolute terms. Figure [3](#Fig3){ref-type="fig"} shows species distribution diagrams for 1 mM Ins(1,3,4,5,6)*P*~5~ in the presence of 100-fold excess K^+^ (a similar graph for Na^+^ is presented in Fig. S1). Under these conditions (which are close to those of part of the experimental titrations), metal-containing species become detectable only above pH 7. In contrast, for 1 mM Ins(1,3,4,5,6)*P*~5~ and 1 mM M^+^, the percentage of the ligand associated to either ion is negligible (speciation plots not shown). The comparison between Na^+^ and K^+^, in terms of the formation constants (Table [2](#Tab2){ref-type="table"}) or of species distribution diagrams (Figs. [3](#Fig3){ref-type="fig"} and S1), shows that Ins(1,3,4,5,6)*P*~5~ interacts with these two ions in very similar ways.Table 2Logarithms of the overall formation constants for complexes between Ins(1,3,4,5,6)*P*~5~ and metal ions in 0.15 M Me~4~NCl at 37.0 °C\[M~4~L\]^6−^\[M~3~(HL)\]^6−^\[M~2~(H~2~L)\]^6−^\[M(H~3~L)\]^6−^*σ*Na^+^7.91(4)16.95(4)25.69(5)1.0K^+^8.57(5)17.58(4)25.94(6)0.9NH~4~^+^20.1(4)27.4(1)33.8(1)0.4\[M(H~2~L)\]^6−^\[M(H~3~L)\]^5−^\[M(H~4~L)\]^4−^\[M~4~(H~2~L)\]\[M~5~L\]*σ*Ca^2+^27.95(3)36.11(5)42.39(5)38.97(4)0.4Mg^2+^27.45(4)35.71(5)42.14(9)37.75(5)0.5Cu^2+^31.71(7)38.75(6)43.58(8)37.7(3)0.3Fe^2+^28.5(2)37.23(6)43.45(5)32.9(2)0.2\[M(HL)\]^6−^\[M(H~2~L)\]^5−^\[M(H~3~L)\]^4−^*σ*Fe^3+^36.48(9)42.7(2)46.4(2)0.1The logarithms of the ammonium acidity constant \[NH~4~^+^ → NH~3~ + H^+^, log *K* *=* *−*8.854(5), *σ* = 0.4\] as well of those of the constants describing the ammonium--Ins(1,3,4,5,6)*P*~5~ interaction in 0.15 M Me~4~NCl at 37.0 °C (shown in the table) were also measured, and both were taken into account to calculate the remaining values shownFig. 3Species distribution diagrams for 1 mM Ins(1,3,4,5,6)*P*~5~ in the presence of K^+^ excess (100 mM), in 0.15 M Me~4~NCl, at 37.0 °C

Interactions in solution between Ins(1,3,4,5,6)*P*~5~ and divalent ions and Fe^3+^ {#Sec11}
----------------------------------------------------------------------------------

Table [2](#Tab2){ref-type="table"} lists the equilibrium constants for the interactions of Ins(1,3,4,5,6)*P*~5~ with divalent cations in 0.15 M Me~4~NCl. The high charge displayed by Ins(1,3,4,5,6)*P*~5~ species in the absence of interacting cations (Fig. [2](#Fig2){ref-type="fig"}) indicates that strong electrostatically driven interactions with divalent cations must be expected; this is confirmed by the values of the stability constants. In addition to species with ligand-to-metal 1:1 stoichiometry, which were observed throughout the pH range studied, the neutral complexes \[M~4~(H~2~L)\] and \[M~5~L\] were detected, for alkaline earth and transition metal ions, respectively. Figure [4](#Fig4){ref-type="fig"}a shows the species distribution diagram for Ca^2+^, with 1 mM Ins(1,3,4,5,6)*P*~5~ and 1 mM Ca^2+^. At pH values around 7.4, 50% of the ligand is still free, even though there is a significant amout of the species \[Ca~4~(H~2~L)\]. The presence of excess Ins(1,3,4,5,6)*P*~5~ in the system changes the speciation diagram slightly, giving rise to lower concentrations of free Ca^2+^ at acidic pH values (plot not shown). The strengths of the interactions with Ca^2+^ and Mg^2+^ are similar; accordingly, the species distribution diagrams for these two cations are similar \[Fig. [4](#Fig4){ref-type="fig"}, plots given for 1 mM Ins(1,3,4,5,6)*P*~5~ and 1 mM M^2+^\]. Although, over the range of divalent cations studied, the interaction with Ins(1,3,4,5,6)*P*~5~ is fairly independent of the particular cation (Table [2](#Tab2){ref-type="table"}), slight differences are observed. In particular, the transition metal ions display higher stability constants than the alkaline earth ones, as reflected in the speciation diagrams given in Figs. [4](#Fig4){ref-type="fig"}, S2 and S3 for 1 mM Ins(1,3,4,5,6)*P*~5~ and 1 mM M^2+^. For example, the amount of M^2+^ left free at pH 7.4 is significant for the alkaline earth metal ions (Fig. [4](#Fig4){ref-type="fig"}), but is negligible for the transition metal ones (Figs. S2, S3 for Cu^2+^ and Fe^2+^, respectively).Fig. 4Species distribution diagram for 1 mM Ins(1,3,4,5,6)*P*~5~ in the presence of alkaline earth metal ions, in 0.15 M Me~4~NCl, at 37.0 °C: **a** 1 mM Ca^2+^; **b** 1 mM Mg^2+^

In comparison with the divalent cations, Fe^3+^ forms much more stable complexes with Ins(1,3,4,5,6)*P*~5~. The higher values of the stability constants (Table [2](#Tab2){ref-type="table"}) are reflected in the species distribution diagram (Fig. [5](#Fig5){ref-type="fig"}), in which the highly deprotonated species \[Fe(HL)\]^6−^ predominates at pH 7.4. The higher charge of the central atom in comparison with the divalent cations gives rise to stronger interactions and consequently to a higher extent of ligand deprotonation.Fig. 5Species distribution diagram for 1 mM Ins(1,3,4,5,6)*P*~5~ in the presence of 1 mM Fe^3+^, in 0.15 M Me~4~NCl, at 37.0 °C

Comparative coordination ability of Ins*P*~6~, Ins(1,3,4,5,6)*P*~5~ and Ins(1,2,3)*P*~3~ {#Sec12}
----------------------------------------------------------------------------------------

During the last few years, we have reported quantitative data on the interaction of Ins*P*~6~, Ins(1,2,3)*P*~3~ and now Ins(1,3,4,5,6)*P*~5~ with metal ions \[[@CR13]--[@CR16]\]. It is therefore possible to compare the metal complexation behaviours of these three Ins*P*s. A direct comparison of the stability constants is not straightforward because of the different complex species formed and the different degrees of protonation that the ligands can exhibit. Nonetheless, the overall strengths of interaction can be compared in terms of the quotient between bound ligand and unbound ligand. This quotient represents the fraction of all complex species containing Ins*P* and metal relative to all forms of the free ligand. Taking K^+^ for example, the complexes formed with Ins*P*~*x*~ are \[K~3~(H~4~L)\]^5−^, \[K~4~(H~3~L)\]^5−^, \[K~5~(H~2~L)\]^5−^ and \[K~6~L\]^6−^ for Ins*P*~6~, \[K~4~L\]^6−^, \[K~3~(HL)\]^6−^ and \[K~2~(H~2~L)\]^6−^ for Ins(1,3,4,5,6)*P*~5~ and \[KL\]^5−^, \[K(HL)\]^4−^, \[K(H~2~L)\]^3−^ and \[K~2~(H~4~L)\] for Ins(1,2,3)*P*~3~. So the quotients, *Q*, are calculated as follows:$$\documentclass[12pt]{minimal}
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\begin{document}$$ Q_{{{\text{Ins}}(1,2,3){{P}}_3}} = \frac{{\left( {\left[ {\text{KL}} \right]^{5 - } + \left[ {{\text{K}}\left( {\text{HL}} \right)} \right]^{4 - } + \left[ {{\text{K}}\left( {{\text{H}}_{2} {\text{L}}} \right)} \right]^{3 - } + \left[ {{\text{K}}_{2} \left( {{\text{H}}_{4} {\text{L}}} \right)} \right]} \right)}}{{\left( {{\text{L}}^{6 - } + {\text{HL}}^{5 - } + {\text{H}}_{2} {\text{L}}^{4 - } + {\text{H}}_{3} {\text{L}}^{3 - } + {\text{H}}_{4} {\text{L}}^{2 - } } \right)}} $$\end{document}$$The log *Q* values for three ions, K^+^, Mg^2+^ and Fe^3+^, are plotted in Fig. [6](#Fig6){ref-type="fig"} as a function of pH, for 1 mM cation and ligand. Their values increase sharply with cation charge (from K^+^ to Fe^3+^), as expected of predominantly electrostatic interactions.Fig. 6Comparative behaviour of inositol 1,2,3-trisphosphate \[Ins(1,2,3)*P*~3~\], Ins(1,3,4,5,6)*P*~5~ and inositol hexakisphosphate (Ins*P*~6~). The logarithms of the quotients between bound ligand and unbound ligand are plotted versus pH. Other conditions were 0.15 M Me~4~NCl, 37.0 °C, 1 mM Ins(1,2,3)*P*~3~, 1 mM Ins(1,3,4,5,6)*P*~5~, 1 mM Ins*P*~6~, 1 mM K^+^, 1 mM Mg^2+^ and 1 mM Fe^3+^. The equilibrium constants used were taken from this and previous reports \[[@CR13]--[@CR16]\]

With respect to K^+^, Ins(1,2,3)*P*~3~ exhibits the strongest interaction at any pH value under the conditions studied (Fig. [6](#Fig6){ref-type="fig"}). This is possible because under 1:1 metal--ligand conditions, polymetallic species (which are formed by Ins(1,3,4,5,6)*P*~5~ and Ins*P*~6~ but not by Ins(1,2,3)*P*~3~ except for \[K~2~(H~4~L)\] under acidic conditions) are quantitatively irrelevant. Under metal-excess conditions (100:1), which favour coordinative interactions in complexes between Ins(1,3,4,5,6)*P*~5~ or Ins*P*~6~ and two to six K^+^ ions, the scenario changes, with Ins*P*~6~ displaying the strongest interaction above pH 8 (Fig. S4).

The strongest interaction towards Mg^2+^ is clearly established by Ins*P*~6~, as expected from the fact that it is the most highly charged of the three compounds at any pH value. Ins*P*~6~ forms with Mg^2+^, in addition to 1:1 complexes, the neutral species \[Mg~5~(H~2~L)\], analogous to the neutral \[Mg~4~(H~2~L)\] complex now described for Ins(1,3,4,5,6)*P*~5~ (Table [2](#Tab2){ref-type="table"}). Under conditions of metal excess, the formation of such polymetallic complexes can be expected to shift the relative strengths of interaction in favour of both Ins*P*~6~ and Ins(1,3,4,5,6)*P*~5~ with respect to Ins(1,2,3)*P*~3~; however, the occurrence of precipitation in this range (see below) makes it difficult to draw meaningful plots analogous to that in Fig. [6](#Fig6){ref-type="fig"}.

The interaction with Fe^3+^ is very strong for the three Ins*P*s. The log *Q* values are high and increase in very similar ways (from about 3 to about 7) between pH 4 and 7, while above pH 7, Ins(1,3,4,5,6)*P*~5~ becomes a more effective Fe^3+^ chelator than the other two Ins*P*s, especially in comparison with Ins*P*~6~. These results are unexpected, because, unlike Ins(1,2,3)*P*~3~ and Ins*P*~6~, Ins(1,3,4,5,6)*P*~5~ lacks the 1,2,3-trisphosphate motif usually believed to be necessary and sufficient for high-affinity complexation of this cation by Ins*P*s. In derivatives of *myo*-inositol, the substituent at C-2 is the only axial one (see Fig. [1](#Fig1){ref-type="fig"}), and therefore the 1,2,3-trisphosphate motif is unique in having three phosphates in a *cis* relationship to one another. This motif is thought to flip to the normally unfavourable axial--equatorial--axial disposition upon the complexation of Fe^3+^ \[[@CR23]\]. In contrast, Ins(1,3,4,5,6)*P*~5~ has all its phosphates in the equatorial form (and it is highly unlikely to adopt a thermodynamically unfavourable all-axial conformation). The evidence for the importance of the 1,2,3-trisphosphate motif comes from assays in which the Ins*P*s prevent the iron-catalysed generation of hydroxyl radical through the Fenton reaction. All Ins*P*s tested so far that contain the 1,2,3-trisphosphate motif, including Ins*P*~6~ and Ins(1,2,3)*P*~3~, are highly effective at preventing hydroxyl radical formation, while those lacking this motif, including Ins(1,3,4,5,6)*P*~5~ in particular, are clearly less effective \[[@CR24], [@CR25]\]. Our results thus indicate that high-affinity complexation of Fe^3+^ by Ins*P*s does not require the equatorial--axial--equatorial 1,2,3-trisphosphate motif, and is thus a separate property from their capacity to inhibit the iron-catalysed production of hydroxyl radical. Therefore all-equatorial vicinal trisphosphate groups, as present in Ins(1,3,4,5,6)*P*~5~, appear to support Fe^3+^ complexation of at least as high affinity as the 1,2,3-trisphosphate motif, but with the difference that iron is not prevented effectively from participating in the Fenton reaction.

Biological predictions for Ins(1,3,4,5,6)*P*~5~ under cytosolic/nuclear conditions of mammalian cells {#Sec13}
-----------------------------------------------------------------------------------------------------

Although other localizations have not been ruled out, most Ins(1,3,4,5,6)*P*~5~ in mammalian cells is thought to be present in the cytosolic and/or nuclear compartment(s) \[[@CR26]\]. In yeast cells at least, the metabolite appears to be able to diffuse freely between cytosol and nucleus; this implies that at least a significant portion of the compound is protein-free and/or forming only low molecular mass complexes \[[@CR27]\]. Therefore, our data for the complexation behaviour of Ins(1,3,4,5,6)*P*~5~ in solution, together with the known concentrations of major cations in cytosol/nucleus, can be used for predicting the probable major form(s) of the compound in living cells. Solubility constants are not needed for these calculations because the data presented below indicate that Ins(1,3,4,5,6)*P*~5~ cannot be expected to precipitate at its reported concentration range in mammalian cells of approximately 10--100 μM \[[@CR28]--[@CR30]\] (a different situation arises with certain non-mammalian erythrocytes, as further discussed below). For the calculations, we chose 50 μM Ins(1,3,4,5,6)*P*~5~, 150 mM K^+^ and pH 7.4 \[[@CR31]\]. We further chose concentrations of free Mg^2+^ that correspond approximately to the extremes and midpoint of the current estimated range (0.25--1 mM) \[[@CR32]\]; note that setting the concentration of free Mg^2+^ to a particular approximate value in this system means setting the total concentration of Mg^2+^ at values that are slightly higher, so as to allow for the amount of Mg^2+^ that is complexed by Ins(1,3,4,5,6)*P*~5~. The results (Table [3](#Tab3){ref-type="table"}) predict that Ins(1,3,4,5,6)*P*~5~ is partly associated with Mg^2+^ but partly unbound to cations. A small proportion is also predicted to be associated with K^+^. The Mg^2+^-associated Ins(1,3,4,5,6)*P*~5~ is predicted to consist mostly of the neutral complex \[Mg~4~(H~2~L)\] but also of the anionic 1:1 species \[Mg(H~3~L)\]^5−^. The cation-free Ins(1,3,4,5,6)*P*~5~ is predicted to exist predominantly as the highly charged species \[H~4~L\]^6−^ and \[H~3~L\]^7−^. This contrasts with the behaviour of Ins*P*~6~, which is predicted to associate fully with Mg^2+^, as \[Mg~5~(H~2~L)\], under the same conditions \[[@CR14]\].Table 3Predictions for Ins(1,3,4,5,6)*P*~5~ under simulated cytosolic/nuclear conditions, in the absence and presence of Fe^3+^\[Mg^2+^\]~total~ (μM)3506001,1503506001,1503506001,150\[Fe^3+^\] (μM)000111101010\[Mg^2+^\]~free~ (μM)3325571,02633355810283365651,048Ins(1,3,4,5,6)*P*~5~ associated with Mg^2+^ (%)294780294678243865Ins(1,3,4,5,6)*P*~5~ associated with K^+^ (%)652652541Unbound Ins(1,3,4,5,6)*P*~5~ (%)654818634718513814Ins(1,3,4,5,6)*P*~5~ associated with Fe^3+^ (%)000222202020Fe^3+^ associated with Ins(1,3,4,5,6)*P*~5~ (%)000100100100100100100The conditions are 50 μM Ins(1,3,4,5,6)*P*~5~, 0.15 M K^+^ and pH 7.4 throughout. Values for \[Mg^2+^\]~total~ were chosen so that \[Mg^2+^\]~free~ falls in different points of the 0.25--1-mM range believed to exist in the cytosol and nucleus of mammalian cells

We had previously shown that Ins*P*~6~, because of its association with Mg^2+^, cannot bind Fe^3+^ under simulated cytosolic/nuclear conditions \[[@CR14]\]. In contrast, Ins(1,2,3)*P*~3~ associates much more weakly with Mg^2+^, and is able to bind fully Fe^3+^ present in equimolar amounts \[[@CR16]\]. The weak association with Mg^2+^ and the high cellular concentration of Ins(1,3,4,5,6)*P*~5~ mean that if a small concentration of Fe^3+^ (representing the "chelatable iron pool", the size of which is unknown \[[@CR33]\]) is included in the simulations, this iron associates completely with Ins(1,3,4,5,6)*P*~5~ (Table [3](#Tab3){ref-type="table"}). However, we feel unsure about the biological significance of this result since cellular iron ligands are expected to prevent the participation of iron in the Fenton reaction, a property that Ins(1,3,4,5,6)*P*~5~ lacks.

Ins(1,3,4,5,6)*P*~5~ solids with calcium and magnesium: synthesis and IR spectra {#Sec14}
--------------------------------------------------------------------------------

The interaction of M^2+^ ions with Ins(1,3,4,5,6)*P*~5~ under metal excess gives rise to the formation of fairly insoluble compounds. We prepared and analysed the solids with Ca^2+^ and Mg^2+^. The elemental and thermogravimetric analyses agreed with the general formula \[M~4~(H~2~L)\]·*x*H~2~O \[*x* = 23 (Mg), 16 (Ca)\]. Therefore, the calcium and magnesium solids have the same metal-to-ligand stoichiometry as the neutral tetrametallic complexes formed with these cations in solution. The solids, as expected, also include a number of water molecules, which are lost during thermogravimetric analysis across a wide temperature range, namely between 50 and 210 °C.

Table [4](#Tab4){ref-type="table"} shows the most intense and characteristic bands present in the IR spectra of (NH~4~)~6~H~4~L, \[Mg~4~(H~2~L)\]·23H~2~O and \[Ca~4~(H~2~L)\]·16H~2~O. The ammonium salt has five phosphate groups and four acidic protons. Owing to the extensive proton sharing reported for Ins*P*~6~ \[[@CR34]\], we can assume that all the phosphate groups are linked to at least one hydrogen. Accordingly, the IR spectrum obtained is similar to that of H~2~PO~4~^−^, and can be interpreted using this species as a model \[[@CR35]\]. The O--H, N--H and C--H bond stretching peaks appear as a wide and intense band in the interval 2,500--3,600 cm^−1^ \[[@CR35]--[@CR37]\]. A sharp and intense peak at 1,400 cm^−1^ can be assigned to the H--N--H bending mode of the ammonium cation \[[@CR37]\]. Finally, the vibrations involving the phosphate groups appear in the interval 500--1,200 cm^−1^. The O--P--O bending mode is found at about 514 cm^−1^, while the symmetric and antisymmetric stretching modes are observed at about 850 and 980 cm^−1^, respectively \[[@CR35]\]. Probably the stretching of the C--O bond also falls in this region \[[@CR37]\]. Three more bands of great intensity are observed at 1,058, 1,128 and 1,183 cm^−1^, and can be assigned to the symmetric and antisymmetric stretching of the PO~2~^−^ group \[[@CR35]\]. It is possible to analyse the contributions of the phosphate groups to some of the bands by using the IR study on dodecasodium phytate reported by He et al. \[[@CR38]\]. Assuming that there are mainly two groups of phosphates in the ligand, those bound to C-1 and C-3 would have an important contribution to the bands at 812 and 932 cm^−1^, while the bands at 850 and 981 cm^−1^ could be associated with the vibration of those phosphate groups on C-4, C-5 and C-6. It is worth mentioning that, as expected, the bands mainly related with the vibrations of C-2 phosphate group are not present in the experimental spectrum \[[@CR38]\].Table 4IR bands and assignments for Ins(1,3,4,5,6)*P*~5~ and its solid complexes with magnesium and calciumCompound*ν*(O--H)*δ*(H--N--H)ν~as~(PO~2~^−^)*ν*~s~(PO~2~^−^)*ν*~as~(O--P--O)*ν*(P--OH)*ν*~s~(O--P--O)*δ*(O--P--O)*ν*(C--H)*ν*(PO--C)(NH~4~)~6~(H~4~L)2,500--3,6001,4011,1831,0589818505141,128932812\[Mg~4~(H~2~L)\]·23H~2~O2,600--3,6001,119996847551\[Ca~4~(H~2~L)\]·16H~2~O2,600--3,6001,123990844540

The IR spectra of the magnesium and calcium solids are very similar, indicative of isostructural compounds, differing only in the number of water molecules. A similar behaviour was observed for the magnesium and calcium solids of Ins*P*~6~ \[[@CR13]\]. The *δ*(H--N--H) peak is absent from the spectra of the magnesium and calcium solids of Ins(1,3,4,5,6)*P*~5~, attesting to a complete NH~4~^+^--Mg^2+^/Ca^2+^ exchange during the syntheses. Complexation with the M(II) ions introduces several changes in the IR spectra (in comparison with the spectrum of the ammonium salt), the normal modes associated with phosphate groups being the most affected. The stretching signals of the PO~2~^--^ group (five bands in the ligand) appear now as two intense peaks at about 990 and 1,120 cm^−1^, which are probably associated with *ν*~s~(PO~2~^−^) and *ν*~as~(PO~2~^−^), respectively. This fact (only two sharp and broad bands, with a small difference between them) was already reported for Ca^2+^ and Mg^2+^ solids of Ins*P*~6~ \[[@CR13], [@CR38]\]. Besides, the frequency for the O--P--O bending mode changes upon coordination to higher wavenumber values. These two facts suggest that the metal cations are bound to the phosphate groups, possibly by means of a direct and bidentate M--O--P coordination \[[@CR13]\].

Solubility of Ins(1,3,4,5,6)*P*~5~ solids with calcium and magnesium {#Sec15}
--------------------------------------------------------------------

The Mg^2+^ and Ca^2+^ solids of Ins(1,3,4,5,6)*P*~5~ are only sparingly soluble in water. Therefore, a complete, biologically relevant description of the chemical systems containing Ins(1,3,4,5,6)*P*~5~ and these two cations requires the evaluation of the solubility product constants, *K*~s0~ = \[M^2+^\]^4^\[H~2~L^8−^\]. Determination of the *K*~s0~ values obviously requires quantification of the concentrations of H~2~L^8−^ and of the free metal ions at equilibrium with the solids. These can in turn be calculated from the straightforward analytical data by means of appropriate software programs such as HySS \[[@CR21]\], fed with the complete set of equilibrium constants for the protonation and complexation equilibria, as reported previously by us for Ins*P*~6~ \[[@CR13]\]. We thus obtained values for *K*~s0~,$$\documentclass[12pt]{minimal}
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Figure [7](#Fig7){ref-type="fig"} shows the speciation of Ins(1,3,4,5,6)*P*~5~ in the presence of Ca^2+^ and of Mg^2+^, under the conditions which applied for Fig. [4](#Fig4){ref-type="fig"} \[1 mM Ins(1,3,4,5,6)*P*~5~, 1 mM M^2+^\], but now including the solubility behaviours (and plotting in terms of total ligand instead of metal). It can be seen that while a small amount of the Ca^2+^ solid is predicted to form at pH values near neutrality, the more soluble Mg^2+^ salt does not precipitate under the same conditions. As further discussed below, the prerequisite for significant precipitation to take place in these systems is the dominance in solution of the \[M~4~(H~2~L)\] complexes, and this occurs only under considerable metal excess.Fig. 7Species distribution diagram for 1 mM Ins(1,3,4,5,6)*P*~5~ interaction in the presence of alkaline earth metal ions, in 0.15 M Me~4~NCl, at 37.0 °C, including solubility values:  **a** 1 mM Ca^2+^, **b** 1 mM Mg^2+^

Complete description of the behaviour of Ins(1,3,4,5,6)*P*~5~ in the presence of Ca^2+^ and/or Mg^2+^ {#Sec16}
-----------------------------------------------------------------------------------------------------

The protonation constants of Ins(1,3,4,5,6)*P*~5~, together with the Ca^2+^ and Mg^2+^ complexation constants and the *K*~s0~ values, allow a complete description of the speciation of Ins(1,3,4,5,6)*P*~5~ in the presence of Ca^2+^/Mg^2+^. Broadly, the behaviour is characterized by the predominance of soluble 1:1 species under Ins(1,3,4,5,6)*P*~5~ excess and the predominance of the tetrametallic species \[M~4~(H~2~L)\] under metal excess. The \[M~4~(H~2~L)\] complexes exist in solution up to fixed concentration limits, and any amount of them that forms in excess of those limits undergoes precipitation. Such concentration limits are given by the product of the value of each stability constant (4M^2+^ + H~2~L^8−^  ↔ \[M~4~(H~2~L)\]) and the corresponding value of *K*~s0~ \[[@CR13]\], and they thus are 135 μM for \[Mg~4~(H~2~L)\] and 56 μM for \[Ca~4~(H~2~L)\]. Therefore, under conditions of predominance of the \[M~4~(H~2~L)\] complexes \[large excess of M^2+^ with respect to Ins(1,3,4,5,6)*P*~5~, neutral or alkaline pH\], these fixed values correspond in practice to the total solubility of Ins(1,3,4,5,6)*P*~5~.

The behaviour of Ins(1,3,4,5,6)*P*~5~ in the presence of Mg^2+^ or Ca^2+^ at pH 7.5 is plotted in Fig. [8](#Fig8){ref-type="fig"}. For a given cation concentration, increasing the concentration of the ligand causes the abundance of the 1:1 complexes to increase monotonously (Fig. [8](#Fig8){ref-type="fig"}a, d). In contrast, the 4:1 species increase and then decrease in abundance, as excess Ins(1,3,4,5,6)*P*~5~ draws the equilibrium towards the 1:1 complexes. The 4:1 complexes accumulate initially as soluble species, but once their solubility limits have been reached (see the "plateaus" in Fig. [8](#Fig8){ref-type="fig"}b, e), their additional accumulation takes place with the formation of solids (Fig. [8](#Fig8){ref-type="fig"}c, f). On the other hand, if the Ins(1,3,4,5,6)*P*~5~ concentration is held constant and the metal concentration is increased, there is an initial rise in the abundance of 1:1 complexes (Fig. [8](#Fig8){ref-type="fig"}a, d), followed by a later increase in the abundance of 4:1 complexes, and finally a decrease in the abundance of 1:1 complexes. The abundance of the 4:1 species in soluble form increases and \[as long as the total Ins(1,3,4,5,6)*P*~5~ concentration exceeds 135 μM for Mg^2+^ and 56 μM for Ca^2+^\] they later precipitate (Fig. [8](#Fig8){ref-type="fig"}b, c, e, f; see insets in Fig. [8](#Fig8){ref-type="fig"}c, f).Fig. 8Behaviour of Ins(1,3,4,5,6)*P*~5~ in the presence of magnesium (**a**--**c**) and calcium (**d**--**f**). The graphs show the predicted abundances of the sum of the different soluble 1:1 complexes \[**a** (Mg 1:1 soluble complexes), **d** (Ca 1:1 soluble complexes)\], of the soluble 4:1 complex \[**b** (Mg 4:1 soluble complex), **e** (Ca 4:1 soluble complex)\], and of the solid tetrametallic complex \[**c** (Mg solid), **f** (Ca solid)\], all plotted against total concentrations of Ins(1,3,4,5,6)*P*~5~ (0.01--10 mM) and M(II) (1--10 mM). In **c** and **f**, the *insets* show "zoom-ins" of the low total Ins(1,3,4,5,6)*P*~5~ range, in which formation of the solids first appears. Predictions are drawn for pH 7.5, and 37.0 °C

The differences between the plots for Mg^2+^ and Ca^2+^ are slight, except for the fact that the lower solubility of \[Ca~4~(H~2~L)\] with respect to \[Mg~4~(H~2~L)\] causes the solid to be present across a wider range of conditions in the case of Ca^2+^. When both Ca^2+^ and Mg^2+^ are present, the system behaves in a way similar to what has been described, as long as equal total divalent cation concentrations are considered. Under conditions of total cation excess over Ins(1,3,4,5,6)*P*~5~, precipitation of the more insoluble Ca^2+^ complex will be favoured over that of the Mg^2+^ one.

Overall, this behaviour of Ins(1,3,4,5,6)*P*~5~ is similar that of Ins*P*~6~ that we reported previously \[[@CR14]\] except for the facts that in the Ins*P*~6~ system (1) the stoichiometry of the neutral polymetallic Ins*P*~6~ complex is 5:1 and (2) the solubility limit of the Mg^2+^ complex is 49 μM and that of the Ca^2+^ one is too low to be measured. An additional finer difference between the systems is that the size of the cation excess needed for complete predominance of the neutral polymetallic species over the anionic 1:1 complexes is smaller for Ins*P*~6~ than for Ins(1,3,4,5,6)*P*~5~: while systems with Ins*P*~6~ and either Mg^2+^ or Ca^2+^ at 5:1 metal-to-ligand ratios display \[Mg~5~(H~2~L)\] as practically the sole species, similar systems for Ins(1,3,4,5,6)*P*~5~ (with 4:1 metal-to-ligand ratios) display a mixture of \[Mg~4~(H~2~L)\] and 1:1 species.

Biological predictions for Ins(1,3,4,5,6)*P*~5~ present at high concentrations in non-mammalian erythrocytes {#Sec17}
------------------------------------------------------------------------------------------------------------

Avian and turtle erythrocytes contain very high (millimolar) concentrations of Ins(1,3,4,5,6)*P*~5~ (reviewed in \[[@CR11]\]). Even if the compound has been proposed to interact with (and modulate the oxygen affinity of) haemoglobin, it is unlikely that the whole of the Ins(1,3,4,5,6)*P*~5~ present in these cells is bound to haemoglobin. We ran calculations to predict the physicochemical status of non-haemoglobin-bound Ins(1,3,4,5,6)*P*~5~ in red blood cells, using as conditions 150 mM K^+^  and pH 7.4. We explored Ins(1,3,4,5,6)*P*~5~ concentrations of 1, 3 and 7 mM: this spans the concentrations reported for avian and turtle erythrocytes \[[@CR39], [@CR40]\], and takes into account the possibility that the pool of haemoglobin-free Ins(1,3,4,5,6)*P*~5~ is smaller than the total Ins(1,3,4,5,6)*P*~5~ one. Also, the 7 mM figure in particular covers the extremely high Ins(1,3,4,5,6)*P*~5~ concentrations surprisingly found in the erythrocytes of the Amazonian fish pirarucu during its air-breathing phase (reviewed in \[[@CR1]\]). For each Ins(1,3,4,5,6)*P*~5~ concentration we explored different figures for the total concentration of Mg^2+^, so as to obtain free Mg^2+^ in the 0.2-mM range reported for (mammalian) erythrocytes \[[@CR41]\]. The calculations predicted the whole of Ins(1,3,4,5,6)*P*~5~ to be soluble (as a mixture of non-complexed anion, K^+^ complexes, and 1:1 Mg^2+^ complexes, plus a small proportion of \[Mg~4~(H~2~L)\]). Precipitation was predicted to start only at higher free Mg^2+^ concentrations, i.e. approximately 0.32 mM free Mg^2+^ for 7 mM Ins(1,3,4,5,6)*P*~5~ and approximately 0.41 mM free Mg^2+^ for 3 mM Ins(1,3,4,5,6)*P*~5~. Interestingly, Ins*P*~6~ was predicted (on the basis of the data in \[[@CR13]\]) to be fully precipitated at approximately 0.2 mM free Mg^2+^, hinting that Ins(1,3,4,5,6)*P*~5~ might have been selected for its function in erythrocytes partly as a consequence of its solubility in the presence of Mg^2+^.

Biological predictions for Ins(1,3,4,5,6)*P*~5~ under extracellular conditions {#Sec18}
------------------------------------------------------------------------------

It is relevant to predict the speciation of Ins(1,3,4,5,6)*P*~5~ under high-Ca^2+^, high-Mg^2+^ conditions such as those prevalent in the extracellular medium of mammals because (1) such conditions correspond to those experiments in which the compound is added to culture cells in physiological media and (2) concentrations of inositol pentakisphosphates in the 10--20-nM range have been reported for rat plasma \[[@CR42]\] (although the accompanying measurements for Ins*P*~6~ have been questioned \[[@CR43]\]). We therefore chose 150 mM Na^+^, pH 7.5, 2 mM total Ca^2+^  and 2 mM total Mg^2+^ to simulate extracellular-like conditions. We first ran a simulation with Ins(1,3,4,5,6)*P*~5~ at 15 nM, i.e. a concentration similar to that reported by Grases et al. \[[@CR42]\]: the result shows that plasma Ins(1,3,4,5,6)*P*~5~, if present in the reported concentration range and not bound to proteins, would exist predominantly as a soluble mixture of soluble \[Ca~4~(H~2~L)\] (93%) and \[Mg~4~(H~2~L)\] (6%). We then ran simulations with increasing amounts of Ins(1,3,4,5,6)*P*~5~, so as to determine its maximum solubility in plasma: under the conditions detailed above, 60--65 μM Ins(1,3,4,5,6)*P*~5~ can exist in solution, mostly as the mixture \[Mg~4~(H~2~L)\]/\[Ca~4~(H~2~L)\]. The solubility in intracellular vesicular compartments, similarly rich in Ca^2+^ and Mg^2+^ as the extracellular medium but more acidic, will be in excess of the value given above. Therefore, the physicochemical properties of Ins(1,3,4,5,6)*P*~5~ would allow the existence of a significant pool of soluble, protein-free compound in the extracellular medium as well as in intracellular vesicular compartments.

Practical data for the experimentation with Ins(1,3,4,5,6)*P*~5~ {#Sec19}
----------------------------------------------------------------

Our data provide a few simple guidelines to keep experiments using added Ins(1,3,4,5,6)*P*~5~ within reasonably physiological conditions. When mimicking cytosolic/nuclear conditions, one must reason that Ins(1,3,4,5,6)*P*~5~ can complex up to 4 mol of Mg^2+^ per mole, although under most conditions except for very large Mg^2+^ excesses and/or very high pH, this will be less than 1 mol per mole (see, e.g., Table [3](#Tab3){ref-type="table"}). Since cytosol and nucleus of mammalian cells contain 0.25--1 mM free Mg^2+^ \[[@CR32]\], the total concentration of Mg^2+^ included in the experiments must be in excess of the molar concentration of Ins(1,3,4,5,6)*P*~5~ (plus the Mg^2+^-complexating capacity of any other chelators such as ATP that are present). Under these conditions Ins(1,3,4,5,6)*P*~5~ will remain in solution up to 135 μM (or higher, but this only for a very restricted subset of conditions).

For procedures involving other conditions (e.g. the preparation of stock solutions, experiments mimicking intestinal conditions, assays of enzymatic activities with biotechnological purposes), a very important practical point is to know in advance whether Ins(1,3,4,5,6)*P*~5~ will be soluble or will precipitate. The solubility of Ins(1,3,4,5,6)*P*~5~ is determined by multiple linked equilibria (solid formation as such plus the various complexation and protonation equilibria in solution), and hence the constants reported in this paper can only be put into practice with the help of a specialized software program such as HySS. We have thus put together a series of plots that summarize the solubility behaviour of Ins(1,3,4,5,6)*P*~5~ in the presence of Ca^2+^ and Mg^2+^ (Fig. [9](#Fig9){ref-type="fig"}). In these plots, the frontiers between solubility and precipitation are given in terms of total concentrations of Ins(1,3,4,5,6)*P*~5~ and metal. Overall, for each given condition, the area of dominance of the solids is wedged in the plots within the region of full solubility, which encompasses both low and high Ins(1,3,4,5,6)*P*~5~ concentrations. As mentioned before, the subregions of low and high Ins(1,3,4,5,6)*P*~5~ concentration are dominated by 4:1 and the 1:1 complexes, respectively. The "wedges" of precipitation in the plots have mostly "horizontal" "lower boundaries", which correspond to the fixed values for the solubility of the \[M~4~(H~2~L)\] complexes mentioned above. However, these "horizontal boundaries" do not apply in the low metal concentration range (below 5 mM M^2+^ for pH 7.5; below 20 mM Ca^2+^ or 60 mM Mg^2+^ for pH 5.0), in which the 1:1 complexes become increasingly significant and add to the total solubility of Ins(1,3,4,5,6)*P*~5~. In fact, going towards low M^2+^ concentrations, one reaches a value below which Ins(1,3,4,5,6)*P*~5~, irrespective of its concentration, does not precipitate as Ca^2+^ or Mg^2+^ salt; these values are 0.65 mM for Ca^2+^ and 1.37 mM for Mg^2+^ at pH 7.5, and increase substantially as the pH is lowered. It must be borne in mind that while the plots in Fig. [9](#Fig9){ref-type="fig"} are given in terms of total metal ion, for some purposes what is known and/or fixed is the concentration of free metal ion, as is the case with in vivo experiments.Fig. 9The solubility behaviour of Ins(1,3,4,5,6)*P*~5~, as predicted by the equilibrium equations, in the presence of Ca^2+^ \[**a** (Ca, pH 7.5), **b** (Ca, pH 5.0)\] or Mg^2+^ \[**c** (Mg, pH 7.5), **d** (Mg, pH 5.0)\] plotted for pH 7.5 and 5.0. The "frontier lines" drawn correspond to conditions in which either 1% or 99% of Ins(1,3,4,5,6)*P*~5~ present is predicted to exist as a solid
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